The thermotransport of divalent Sr, Cd and Mn ions in silver chloride and bromide has been investigated experimentally. A model for the intrinsic contribution to the heat of transport is pro posed. This model is used to interpret our experiments, together with other experiments reported in the literature, namely the thermoelectric power of pure silver chloride and bromide, and the thermotransport of antimony in silver and copper metals.
I. Introduction
Numerous studies of thermomigration have been performed in recent years, but at the present time they show a great deal of disagreement, both in the theoretical understanding and in the experimental work. Theories are multiple, and frequently they are compared with too few experimental data or with data which are imprecise. Hence comparisons of theories with experiments are not too significant. Therefore we thought it was necessary to attempt first to get a consistent set of precise experimental results, and secondly to study the different available theories.
Our experiments of thermotransport of divalent cations in silver chloride and bromide are first re ported. Then follows a critical discussion of previ ous theories, which will be used later to interpret these experiments. Finally, an interpretation is also given for other experiments reported in the litera ture, namely, the thermoelectric power of these pure halides and the thermotransport of antimony in sil ver and copper metals.
II. Thermotransport of Divalent Radioactive
Cations in Silver Chloride and Bromide
In these halides, the very high diffusion coeffi cients render the standard method of the steady state quite feasible. The experimental procedure has been described in detail elsewhere 1. The samples are Harshaw crystals whose purity is around 10 ppm.
The sample is spring loaded between two graphite blocks, one of them being cooled (Fig. 1) . The whole is placed in a furnace. After the anneal, the sample is studied by a standard method: microtoming, weighing of the cuttings and y counting. The experimental concentration of tracer is plotted ver sus the reciprocal of the temperature in a semi-log © a iu m in a disk plot (Figs. 2 and 3 ). For cadmium, especially in the bromide, the scatter is due to counting difficul ties, but for strontium and manganese, the curves are always very well behaved. The slopes of these l_n(C /Cmoy ) m straight lines define the effective heats of transport. They are given in Table 1 . The reproducibility of the measurements has been checked 1 and the scatter never exceeds the indicated errors. 
III. Critical Study of Existing Theories

The thermodynamics of irreversible processes
The basic approach to the thermotransport is the thermodynamics of irreversible processes (TIP). It relates the fluxes of heat and diffusing species to generalized forces. The heat of transport of a spe cies is defined as the heat flux associated with the unit flux of that component in isothermal conditions. The reduced heat of transport is defined as the re mainder of the associated flux after removing the heat flux corresponding to the purely geometrical displacement of the diffusing particle. The reduced heat of transport equals the heat of transport minus the partial enthalpy of the diffusing entity. This enthalpy is the reversible part of the heat of trans port and represents the reversible transport of en ergy induced by a virtual, infinitely slow translation of the particle. The reduced heat of transport is the irreversible part of the heat of transport and arises because the microscopic transport of heat is not in finitely slow in an actual jump of the particle. Con versely, in a thermogradient, the sense of the thermotransport corresponds to an associated heat flux flowing from the hot to the cold side. The role of the TIP is to relate these two conjugate effects, namely thermotransport and heat flow induced by isothermal diffusion. Consequently, when only one of these effects is considered, the interest of the TIP is decreasing. Anyway, atomistic theories are needed to calculate the heats of transport. Such theories may be subdivided into 2 general types: the Wirtz-Brinkman-Le Claire theory and the heat carrier scattering.
The Wirtz-Brinkman-Le Claire Theory2
In this theory, the temperature is assumed to be defined at any position in the crystal. Then, the jump frequencies are assumed to be proportional to Boltzmann's exponentials corresponding to the local temperature at the initial position of the jump ing ion. From these assumptions, it can be shown that in the case of self diffusion by a vacancy or an interstitial mechanism, the reduced heat of transport equals the migration enthalpy hm . These two as sumptions have to be discussed. From the thermo dynamical view point, the local temperature does not exist. Even though it may be defined by con tinuous interpolation between macroscopically de fined temperatures, it cannot be used in Boltzmann's exponentials because it is not consistent with the temperature definition in these statistics. It can be introduced only in continuous functions of tempera ture, defined themselves by interpolation. Thus, the Wirtz theory becomes questionable.
The Heat Carrier Scattering Theory
To explain the asymmetry of the jump frequen cies in a thermogradient, and by analogy with electrotransport, some authors have used the concept of a driving force, acting on the ions during their jumps. In most cases, this driving force is thought to be due to the scattering of the heat carriers, elec trons and phonons, by the diffusing species. The driving force is thus an electromechanical force. H u n t in g t o n 3 however, proposed to separate the heat of transport into additive terms including the effects of the heat carriers scattering and the so cal led intrinsic contribution of the Wirtz theory.
General Kinetic Theory
An original treatment of the thermotransport has been developed by M a n n i n g 4 in his book. He studies the correlated walk of ions in a thermogra dient. Thus, the knowledge of the frequencies of all possible jumps is needed.
Let us consider two lattice sites at the abscissae 0 and d. As far as only first order effects are taken into account, the average value of the jump frequencies of the ion, T0(j and T no, is identical with the average of the 2 isothermal frequencies Tq and corresponding to the local temperatures at sites 0 and d. r od+ rd 0= 2 r m= r o+r d ,
(
The difference between these 2 inverse jump fre quencies may be expressed in terms of an effective driving force Feff, proportional to grad T/T.
The effect of the actual vacancy concentration gra dient is explicitly taken in account by defining
where x is the actual vacancy concentration at the site occupied by the vacancy before the jump. In Eq. (2), the coefficient q* expresses a first order effect and thus, can be separated into additive terms. It is not a heat of transport, although it plays an analogous role. Once given the q*'s of all couples of inverse jumps, Manning's calculation leads to a general expression of the fluxes of the diffusing species and allows the different effective heats of transport to be calculated.
It is thus a very attractive tool, because it keeps the < 7*'s as unknown quantities and does not use hypotheses on the effect of the thermogradient. Both kinds of thermotransport theories can be introduced in order to define the q*'s. Thus the actual driving force due to the scattering of the heat carriers leads to a contribution < 7*catt • We will see later that sums such as hm + ^scatt lead to a fairly good agreement between the experimental and calculated effective heats of transport, but first, let us present an alter native derivation and try to generalise the concept of intrinsic contribution hm to q*.
The Intrinsic Contribution to the Heat of Transport
Instead of the two inverse jumps 0, d and d, 0, let us consider the two opposite jumps 0, ± d. The probability that a vancancy exists at sites i d is the molar concentration of vacancies x± (\ at these sites. The jump frequencies of an ion into this adjacent vacancy is from (1), (2), and (3)
grad T
Comparison between Eqs.
(1) and (4) points out the formal kinetic character of this effective driving force, whose definition corresponds either to q* or to q * according to whether inverse or opposite jumps are considered. On the other hand, from Eqs. (4) and (5) follows that, if q* equals hm , an ion at the local temperature T, jumps into an adjacent va cancy with the same frequency as in an isothermal crystal at this temperature T, on whichever side, hot or cold, the vacancy may be located. This is an other formulation of Wirtz's idea but this form may be established more easily by considering the har-monic vibrations of the crystal. F l y n n 5 has shown that the atomic jumps could be thought reasonably to be induced by random interference of these vi brations. Since in a thermogradient, only the am plitudes of the waves are changed, the elongations remain symmetrical and do not favour any particu lar jump direction. The complete calculation is re ported in Ref.
1. This derivation is very general and applies to self and heterodiffusion by a vacancy or interstitial mechanism. The intrinsic contribution hm to q* comes from the total lack (q * = 0) of any directional effect due to the harmonic terms of the vibrations. Paradoxically, hm is much larger than the contribution due to phonon scattering, that is to the anharmonic terms. In the following, it is shown that good agreement with the present experi ments can be obtained by assuming q* = hm if al lowance is made for vacancy supersaturations. We return now to the experimental results.
IV. Interpretation of the Experiments
In the present case, the anionic sublattice may be considered as perfeot and fixed. The cationic one is also fixed in the absence of electrical current. The effective heat of transport is thus the heat Q** cal culated by Manning under the assumption of tightly bound vacancy impurity complexes. Q = Q** =hm2 -2 Aml + A/2 -Aa .
(6)
Here, it is assumed that q * =hmj-Also hm2 and hm 1 are the migration enthalpies of the exchange and non dissociative jumps of the vacancy, h& is the as sociation enthalpy of the complex and h defines the actual vacancy concentration gradient. In the case of local equilibrium of defects, h is the formation enthalpy of a Frenkel pair.
In the domain involved, that is in the intrinsic domain, h and the vacancy supersaturation are given by a self diffusion study. From the condition of zero electric current, it follows that the silver in terstitial and vacancy fluxes are equal and have the following form
[The derivation of Eq. (7) 1 follows the now classi cal analysis of A l l n a t t and C h a d w i c k 6.] R is re lated to the Onsager's coefficients L and is some average of the vacancy and interstitial mobilities. The Q*'s and the ar's are the heat of transport and the molar fraction of defects. These fluxes are not necessarily zero or even constant. Thus, they have to be created or absorbed at the sample extremities by superficial sources and sinks of defects. Likewise, internal sources and sinks must provide their diver gence. Thus, the following equations are to be solv ed.
where F is the flow of the sources and sinks. In the case of the steady state, F can be shown to be 1:
is the equilibrium concentration of Frenkel pairs. K measures the efficiency of a given kind of source and sink. It is also shown 1 that the electroneutrality remains valid to the first order. Finally, still to the first order, for very high K, the solution of Eqs. (8) requires the bracket of (9) to have a zero value. Conversely, for very low K, the solution is J or d iv/ = 0. There are thus four limiting pos sibilities according to the infinite or zero efficiency of the internal or superficial sources and sinks. As soon as a kind of source is efficient, there is local equilibrium. However, the variations of the fluxes through the sample are different and depend on which kind of source and sink is efficient (Fig. 4) . Conversely, when none of the sources and sinks is efficient, there is a very large supersaturation of defects, corresponding to an apparent enthalpy of formation h0 = Qs* -Q * in Eq. (6). The effective heats of transport of the divalent cations have been calculated in both cases, where there is a supersaturation (Q0) or where there is local equilibrium (Qy) . The results are gathered in Table 2 . For Mn+ + in the bromide, the value Aml is inter polated between those of ions Cr+ + and Fe+ + . For strontium, there are no measurements either and the 7 J. E . H a n l o n , J. Chem. Phys. 3 2 ,1 4 9 2 [19 60 ]. 8 P. S ü p t i t z a n d R . W e id m a n n , Phys. S ta t. Sol. 27 , 631
[1968]. indicated values are only orders of magnitude. Al together, the experimental Q and the calculated Q0 agree fairly well.
Thus, the interpretation of the heats of transport needs 3 steps: Manning's calculation, the model for the intrinsic contribution to the q*'s, finally the hy pothesis that the internal and superficial sources and sinks of defects are inefficient. These 3 steps, and especially the last one, are corroborated by the interpretation of thermopower measurements in these pure halides.
V. Thermoelectric Power of Pure Silver Halides
Theory
The thermoelectric power S is the sum of 2 ef fects: where V is the electrical potential and x the molar fraction of defects. The signs + or -hold respec tively for vacancy and interstitial. Since in the space charge region, the operator gradient separates into a direct dependence versus the abscissa y and an indirect one through the temperature gradient, let us write V and x in the form (Fig. 5) 
V » V M + V . i T ) , x = x1(y) x 2(T ).
(13) A solution of Eq. (12) is obtained by taking the same functions of the temperature in the bulk and in the space charge region. The functions of the abscissa become the solutions of the system:
xi(oo) = 1 , Fx(0) = 0 .
In the case of local equilibrium, this system is iden tical to the one used to determine the equilibrium distribution of defects near an isothermal inter face 15. Thus, the heterogeneous thermopower is the Shet-^Pl(«).
In other cases but the local equilibrium, the actual value of Shet remains unknown. Figure 6 shows the experimental curves of C h r i s t y 16, and of P a t r ic k and L a w s o n 17, obtained with silver electrodes. The dashed lines represent the calculated homogeneous thermopower in the case of local equilibrium. The letters A and M refer to meaning. Qualitatively however, they do not predict any large temperature dependence. Likewise Kliewer's determination of surface potential of silver chloride in vacuum19, leads to a constant value -0.23 mV/°C which agrees fairly well with thermo power measurements with silver electrodes. None theless, in Fig. 6 , the agreement is more significant for the slopes than for the magnitudes. Once more, the interpretation of the experiments involves an assumption about the efficiencies of the sources and sinks of defects. From the preceding section, the internal sources and sinks must be in efficient. On the other hand, the superficial ones are efficient in presence of silver, but inefficient in pre sence of graphite. This is consistent with the model of source and sink which we used to derive the ex pression (9) of their flow. In this model, the sour ces are thought to be double jogs, one in the cat ionic sublattice and the other one in the anionic sublattice. Since we asumed that the anions do not move, the cationic jog is compelled to vibrate be tween the two positions surrounding the anionic jog. During these oscillations, a silver ion is ab sorbed or emitted and the jog may act as vacancy or interstitial source or sink. But in any case, it can not act twice in the same way. For example, after absorbing an interstitial, it must absorb a vacancy (or create a new interstitial) before it can absorb another interstitial. Therefore, these sources and sinks are easily saturable and are inefficient in most cases. On the other hand, exchange of silver ions be tween a silver electrode and the surface of the ha lide, can prevent the sources and sinks from saturat ing and thus enhances their efficiency.
Comparison with Experiments
Since the method used to predict the intrinsic contribution to the heats of transport, seems to be successful in the case of insulators where this con tribution is by far the most important one, we will look now at metals.
VI. Thermotransport in Metals
To avoid experimental and theoretical uncertain ties, the discussion will be restricted to the thermo transport of antimony in silver and copper, measur ed respectively by B ie r m a n n et al. 20 and H e h e nk a m p 21 using the steady state method. In gold, un fortunately, the published experiments involve the thin layer method which does not allow the exact meaning of the measured values to be determined 22. The effective heat of transport of antimony is Q :
where Da and Qs** are the self diffusion coefficient and the heat of transport of the solvent. [The sub script s in (16) and (17) refers to solvent atoms in general. For tracer atoms of the solvent, the diffusivity and the heat of transport are respectively / Ds and Qs**/f, where / is the correlation factor for self-diffusion.] The defect supersaturation has been shown by G e r l 23 to be negligible. Thus the aotual vacancy concentration gradient is related to the formation enthalpy h of the vacancy and the Q** becomes
The heat of transport of antimony (Qsb) separates into ql , the electronic contribution, calculated by G e r l , and q*nt, which is deduced from Manning's calculation and from the model for the intrinsic contribution to the q*' 's with the assumption that q \ = ^rnj • Qlb = ?e +g*nt , Table 3 . Two interaction potentials have been used: Hartree and Thomas-Fermi. When one keeps in mind the approximations of the Lazarus-Le Claire theory, the agreement is fairly good, especially for the Tho mas-Fermi potential. It is worth noting that this potential already gave very good predictions of the AQ's.
V II. Conclusion
Three very different kinds of experiments in a thermogradient have been interpreted quite satis factorily. We believe that this agreement is not for tuitous but is probably linked to a physical reality, which we should summarize as follows: the effect of a temperature gradient may be separated into the effect of the heat flux, through the scattering of the heat carriers by the diffusing species and into the effect of the position dependence of temperature. If one considers the jumps of an ion from a given site, the first effect does favour one particular jump direction, while the latter one does not but just makes the jump frequency depend on that lattice site. Both effects originate thermomigration. The first effect leads essentially to the now classical elec tronic contribution to the heat of transport of im purities in metals, while the second effect provides the intrinsic contribution and is quite general. As in the Wirtz theory, this intrinsic contribution is related to migration enthalpies. However, this rela tion now is much more complicated, involving se veral migration enthalpies, weighted by correlation parameters
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